Background: Stroke mechanisms and clinical features of anterior cerebral artery (ACA) territory infarction have rarely been investigated using MRI.
METHODS Between January 1996 and May 2007, we had examined 110 consecutive patients with ACA territory infarction (1.1% of total patients with ischemic stroke) who were admitted to the Asan Medical Center within 1 week after stroke onset. Excluded were patients with 1) concomitant infarcts in other vascular territories, 2) vasospasm secondary to subarachnoid hemorrhage, and 3) strictly subcortical infarction, partly because the number of patients was small (n ϭ 2) and partly because of the uncertainty of the vascular territory due to individual variability. In this clinical-imaging correlation study, 10 patients were further excluded because 1) three underwent CT scan only, 2) four had significant residual neurologic deficits due to previous strokes, and 3) three did not undergo vascular assessment. Thus, 100 patients who underwent both MRI and angiographic studies became the subject of our study.
All patients underwent blood tests, urine analysis, chest X-ray, and 12-lead electrocardiogram. Transthoracic and transesophageal echocardiography and 24-hour electrocardiogram monitoring were performed in selected patients. MRI was performed with a 1.5 Tesla MR imaging unit (Signa; GE Medical Systems, Milwaukee, WI) with echoplanar capabilities. The common MRI parameters for diffusionweighted imaging (DWI) (repetition time [TR] of 7,500 msec, echo time [TE] of 84 msec, matrix number of 128 ϫ 128, and two b values of 0 and 1,000 s/mm 2 ) and T2weighted imaging (TR of 4,500 msec, TE of 118 msec) were slice thickness of 5 mm, interslice gap of 2 mm, 20 axial slices, and field of view of 250 mm. Common MR angiogram (MRA) parameters included flip angle of 20°, matrix number of 512 ϫ 512, and field of view of 250 mm. Threedimensional TOF MRA of circle of Willis was performed with TR of 25 msec and TE of 2 msec. Three-dimensional contrast-enhanced MRA from the aortic arch to the level of the central skull base was obtained using IV bolus injection of 20 mL (3-4 mL/second) of gadopentetate dimeglumine (Magnevist; Schering, Berlin, Germany) with TR of 6 msec and TE of 1 msec.
Presumed etiologies were defined as follows: 1) large artery atherosclerosis, further divided into a) internal carotid artery (ICA) disease: the patients have significant (Ͼ50%) narrowing or occlusion of ipsilateral ICA but without significant ipsilateral ACA atherosclerosis or emboligenic heart disease, and b) ACA disease: ipsilateral ACA stenosis/occlusion without significant ipsilateral ICA disease or emboligenic heart disease; 2) cardiogenic embolism: there should be an emboligenic heart disease based on Trial of Org 10172 in Acute Stroke Treatment (TOAST) stroke classification criteria 9 without atherosclerotic diseases in the ipsilateral ICA or ACA; 3) two or more causes: patients with two or more potential causes of stroke such as those with ICA disease and emboligenic heart disease; 4) undetermined etiology: The cause of a stroke cannot be determined after thorough evaluation.
Vascular territories and topographic localization were determined according to the previous anatomic studies (figure 1). [10] [11] [12] ACA territory includes the rostrum, genu, trunk, and splenium of the corpus callosum, cingulate gyrus, frontal pole/gyrus rectus (frontopolar and orbitofrontal artery territory), medial aspect of superior frontal gyrus (anterior and middle internal frontal artery territory), supplementary motor area (SMA) (posterior internal frontal artery territory), paracentral lobule (paracentral artery territory), and precuneus (superior parietal artery territory). Clinical results were obtained from chart review. Muscle strength was graded as I to V using the Medical Research Council scale, and motor dysfunction was considered severe when the grade of the weakest muscle was Յ III. Because the corpus callosum and adjacent cingulate gyrus are supplied by the pericallosal artery branches and were usually involved simultaneously, we lumped these together in clinical-imaging correlation study. The SMA, paracentral lobule, and precuneus were also lumped together for the same reason. The imaging analysis was done by one of the authors (S.Y.K.), blinded to the clinical and angiographic findings. The angiographic result was assessed by a neuroradiologist who was blinded to clinical findings and a stroke neurologist (J.S.K.). We defined the result as abnormal only when both agreed.
For statistical analyses, Student t test was used for numerical variables and 2 tests for categorical variables. Fisher exact test was used when the number of cells was small. All statistical tests were performed with the use of the SPSS program (version 10.0) and p values Ͻ0.05 were regarded as indicating significance.
RESULTS Demography and clinical-imaging corre-
lation. There were 58 men and 42 women, ages ranging from 29 to 88 (mean 65.1) years. Risk factors as defined previously 13 included hypertension in 70, diabetes mellitus in 38, hypercholesterolemia in 37, cigarette smoking in 38, a previous history of stroke in 24, and a history of coronary heart disease in 11 patients.
MRI showed 55 left infarcts, 36 right infarcts, and 9 bilateral infarcts. The corpus callosum/ cingulate gyrus was involved in 68 patients (corpus callosum in 63, cingulate gyrus in 28). In the corpus callosum, the genu was the most frequently involved (n ϭ 54), followed by trunk (n ϭ 32), rostrum (n ϭ 10), and the splenium (n ϭ 8). The SMA/paracentral lobule was involved in 55, the superior frontal gyrus in 41, frontal pole/gyrus rectus in 16, and the subcortical area (caudate head/anterior putamen/internal capsule) was involved in 6 patients. Whole ACA territory involvement was rare, occurring in only in four patients.
The prevalence of symptoms and correlated anatomic location are summarized in table 1. Motor dysfunction (n ϭ 91) was the most common symptom: hemiparesis in 70, leg monoparesis in 18, and paraparesis in 3 patients. In patients with hemiparesis, the weakness was more severe in the leg than in the arm in 37 patients. Thus, among the 91 patients with motor dysfunction, leg weakness was dominant in 58 patients (64%). In 29 patients, the degree of motor dysfunction was similar between arm and leg, while in four, arm was weaker than the leg. In these 33 patients, the shoulder was discrepantly weaker than the hand in the majority (n ϭ 25). The motor dysfunction was severe in 43, and the severe motor dysfunction was closely related to the involvement of SMA/paracentral lobule.
Sensory examination was reliably performed in 81 patients while it was not in others due to significant abulia or aphasia. Among them, 20 patients (25%) had dysfunction: hemihypesthesia in 12 patients, sensory symptoms in the leg only in 7, in the arm only in 1 patient. The sensory dysfunction was always detected in the paretic limbs. Hypobulia/apathy/indifference shown in 43 patients was closely related to involvement of frontal pole/ gyrus rectus, corpus callosum/cingulate gyrus, and the superior frontal lobe, and occurred most frequently in patients with bilateral lesions (6 of 9, 66.7%), followed by left sided lesions (28 of 55, 50.9%) and right sided lesions (9 of 36, 25%) (p ϭ 0.016). Hypobulia was closely related to grasp reflex (p ϭ 0.001).
Urinary incontinence, observed in 30 patients, was not related to particular lesion location. Aphasia was present in 18 patients (transcortical mixed aphasia 8, global aphasia 8, motor aphasia 2). Global aphasia was closely related to superior frontal gyrus involvement (p ϭ 0.039) while transcortical aphasia was not related to any particular lesion location. Grasp reflex (n ϭ 25) was more often observed in women (15 of 42, 35.7%) than in men (10 of 58, 17.2%) (p ϭ 0.035), and closely related to corpus callosum/cingulate gyrus involvement. Alien hand sign was observed in 10 patients. Although patients with involvement of the corpus callosum/cingulate gyrus more often had this symptom (9 of 68, 13.2%) as compared to those without (1 of 32 patients, 3.1%), the difference was not significant (p ϭ 0.162). Being women was marginally related to this symptom (p ϭ 0.09).
Other miscellaneous symptoms included emotional lability/incontinence 14 (n ϭ 10), drowsiness/ somnolence (n ϭ 8), 5 acute confusion/agitation (n ϭ 8), motor perseveration (n ϭ 8), ideomotor apraxia (n ϭ 7), 5 amnesia (n ϭ 6), altered consciousness (n ϭ 4), gaze deviation (n ϭ 3), parkinsonian features (bradykinesia, cogwheel rigidity with or without tremor) 15, 16 (n ϭ 3), and anosognosia (unawareness of the paralytic limbs) (n ϭ 2 ).
Angiographic findings and presumed stroke mechanisms. Angiographies performed were as follows: MRA in 77, conventional angiography in 20, and CT angiography in 12 patients. Seven underwent both MRA and conventional angiography and two underwent MRA and CT angiography. Local ACA atherosclerosis (40 stenoses and 28 occlusion) ipsilateral to the infarct was observed in 68 patients, most frequently at A2 (n ϭ 38) followed by A1 (n ϭ 22), A2-A3 junction (n ϭ 5), and A1-A2 junction (n ϭ 3). For statistics, A1-A2 junction was included in A1 disease (A1 group, n ϭ 25) and A2-A3 junction disease in A2 disease (A2 group, n ϭ 43). A1 group patients more often had occlusion (16 of 25, 64%) than A2 group (12 of 43, 27.9%) (p ϭ 0.001). General stroke mechanisms. Presumed stroke mechanisms are summarized in table 2. Among the 68 patients with ACA disease, 6 had additional significant ipsilateral ICA disease, and 1 had emboligenic heart disease. Therefore, 61 patients had infarction caused by intrinsic ACA disease. Significant ipsilateral ICA disease was shown in 13 patients (5 occlusion, 8 stenosis), among whom 6 had concomitant ACA disease and 1 had emboligenic heart disease. Thus, 6 patients were considered to have ICA to ACA em-bolic infarction; 1 had a siphon stenosis while others had proximal ICA disease.
Emboligenic heart diseases were found in 12 patients: atrial fibrillation in 8, valvular heart disease in 1, atrial fibrillation and valvular disease in 1, cardiomyopathy in 1, and patent foramen ovale with right to left shunt in 1 patient. Because two of them had concomitant, significant atherosclerosis, 10 were considered to have embolic infarction due to a heart disease. Fifteen patients were considered to have unknown mechanism.
Stroke mechanisms in ACA atherosclerosis. After analyzing MRI and angiographic data, we elucidated the following stroke mechanisms in 61 patients with intrinsic ACA disease.
Local branch occlusion (LBO) (n ϭ 20). The infarct was localized to the area adjacent to the atherosclerotic vessel, presumably due to an occlusion of the orifice of one or more of the perforators supplying adjacent structures by the local thrombus formation. [17] [18] [19] The infarct was usually limited to the anterior part of the corpus callosum or the cingulate gyrus ( figure 2A) . Occlusion of the frontopolar or anterior inferior frontal branch, which usually stems from A2, 10 may produce extension of the lesion to the anterior part of the superior frontal gyrus ( figure 2, B and C) .
In situ thrombotic occlusion (ITO) (n ϭ 20). The infarct extensively involved the whole or the most part of the ACA territory (figure 2, D and E). It can be explained by occlusion of the main ACA trunk. However, a part of cortical areas may be spared due to collateralization from the MCA or contralateral ACA.
Artery-to-artery embolism (AAE) (n ϭ 12). The infarcts were usually small, sometimes scattered, and situated at the areas supplied by distal cortical branches. The infarcts, which can be explained by artery-to-artery embolism, are often scattered in the ACA and MCA borderzone area ( figure 3A) .
Combination of LBO and AAE (n ϭ 9). There were infarcts located adjacent to the atherosclerotic vessel as in LBO. In addition, scattered infarcts in the remote area were observed as in AAE ( figure  3 , B and C). Unlike infarcts caused by ITO, the lesions were not in continuity with each other.
We then compared patients with intrinsic ACA atherosclerosis (n ϭ 61) and those with embolism from either the heart or ICA disease (n ϭ 16). The former group more often had corpus callosal involvement (p ϭ 0.016) and tended to have hypobulia more often (p ϭ 0.077) than the latter group.
Stroke mechanisms in patients with bilateral ACA in-
farction. We identified nine patients with bilateral 
Branch occlusion 20
Artery-to-artery embolism 12
In situ thromboocclusion 20
Combined 9
ICA disease (ICA to ACA embolism) 6
Either ACA or ICA disease 6
Cardiogenic embolism 10
Two or more causes infarcts; in four, the infarcts were considered to be caused by proximal ACA disease. In three of them, the mechanism was AAE; one had occlusion of both ACAs (right A2 and left A1-2 junction), while another had both A1 occlusion. In these two, AAE may have occurred from both ACA diseases. The third had left A1 stenosis, in whom the emboli may have traveled to the opposite hemisphere through the intact anterior communicating artery (A-com). The fourth had left azygos ACA supplying both hemispheres with the absent right A1. The stroke mechanism was considered combined (LBOϩAAE). In three patients, the mechanism was an embolism either from ICA or ACA. One patient had left ICA occlusion and left A1 occlusion. Another had unilateral ICA stenosis and bilateral A2 stenosis. The third had left ICA occlusion and left A1 occlusion with the absence of right A1. One patient had emboligenic heart disease, in whom the emboli probably traveled to bilateral ACAs. Finally, the mechanism was unknown in one patient.
DISCUSSION
Although the prevalence of ACA infarction in our series was similar to previous results, [4] [5] [6] [7] the stroke mechanisms were different. Studies from western countries showed that ACA infarction is usually caused by embolism, 4,5 while a Japanese study reported that ACA atherosclerosis was the most important etiology. 6 Our study with a much larger number of patients confirmed that intrinsic ACA disease is the most common etiology in the East Asian region. The difference reflects ethnic differences in the location of cerebral atherosclerosis, [20] [21] [22] but also implies that the incidence of ACA atherosclerosis could have been underestimated in previous studies where vascular imaging was incompletely performed. The relative rarity of embolism in ACA infarction as compared to MCA territory infarction 19 may be related to the fact that the diameter of A1 is only about half of the MCA and that communications between both ACAs through the A-com 10 might play a role in the clearance of emboli.
We proposed novel stroke mechanisms in patients with intrinsic ACA diseases: LBO, AAE, and ITO. LBO represents occlusion of an orifice of smaller branches arising from the proximal ACA due to local thrombosis. [17] [18] [19] 23 Because atherosclerotic changes occurred most frequently at A2 segment followed by A1, and A2-A3 junction, perforators as well as orbitofrontal, frontopolar, or anterior internal frontal arteries arising from these segments 10 can be occluded, resulting in infarcts usually restricted to the anterior part of the corpus callosum, cingulate gyrus, and adjacent frontal areas ( figure 2, A and B) . We also observed patients with AAE and those with a combined mechanism of LBO and AAE. Thus, the stroke mechanisms seem to be similar to that of intrinsic MCA atherosclerosis, 18, 19 except that ITO producing a large infarct is more prevalent in ACA infarction. However, even in patients with ITO, the cortical area was often spared, probably due to collateralization from the MCA or contralateral ACA. The embolic infarcts related to AAE were often scattered at the ACA and MCA borderzone area (figure 3), which may be explained by the insufficient washing out of emboli in the hypoperfused area 18, 24 in the presence of severe ACA stenosis. Therefore, aside from stroke mechanisms so far described, the status of collateral circulations and hemodynamic factors appear to play additional roles in determining the pattern of ACA infarction and consequent clinical syndromes. We also found that mechanisms for bilateral infarcts included embolism from the ICA or the heart traveling to both hemispheres, simultaneous embolization from both ACA stenoses, and emboli from the A1 stenosis traveling to both hemispheres through the A-com. As expected, severe motor dysfunction was closely associated with SMA/paracentral lobule involvement. Although predominant leg weakness was usual, identical weakness between arm and leg was not uncommon. Because the shoulder was discrepantly weaker than the hand in the majority of these patients, a partial involvement of arm-presenting motor fibers 2,5,25 seems to explain the arm weakness, although the possible presence of motor neglect 26, 27 cannot be ruled out.
Our data showed that callosal or anteromedial frontal damages are responsible for hypobulia/ apathy/indifference, which was consistent with previous observations. 28, 29 These symptoms are more prevalent in patients with bilateral lesions followed by those with left lesions. Although urinary incontinence was considered to be related to lesions affecting the superior frontal gyrus, cingulate, and the white matter in between, 25, 30 we failed to find any specific anatomic location related to this symptom, as in previous studies. 5, 31, 32 Perhaps urinary incontinence may be related to extensive lesions involving multiple neuronal pathways regulating bladder function.
We found that transcortical aphasia characteristically occurred in patients with ACA infarction. 5, 25, 33, 34 , However, we also observed as many patients with global aphasia. The aphasia might be a manifestation of abulia. However, we considered that the speech dysfunction of these patients was out of proportion of the abulia. Moreover, out of 16 patients with aphasia, 6 did not have abulia. Unlike the patients with MCA infarction, the aphasias tended to improve rapidly. Thus, we assumed that the initiation or regulation of speech may be dysfunctional in patients with medial frontal lesions, 12, 33, 35, 36 which could result in transient aphasia. Our finding that global aphasia was closely related to medial superior frontal lobe involvement seems to be consistent with this theory. Grasp reflex was closely related to corpus callosum/cingulate involvement. This and alien hand phenomenon tended to occur more frequently in women than in men, which may be consistent with the previous notion that connecting fibers in the corpus callosum are more abundant in women than in men. 37 There are limitations in our studies. First, this is a retrospective study, and inaccurate or insufficient assessment might have been present. Second, because the patients were recruited from a tertiary hospital, they may not represent the general stroke population. To minimize referral bias, we selected patients who were admitted within 1 week after onset. Third, MRA was usually used in this study, which is not sensitive enough in the evaluation of distal arteries. Thus, at least some of the patients classified as having unknown mechanism may have arterial diseases at distal branches. Finally, all our patients were Korean, and our data may not be generalizable to other ethnic groups.
